Introduction
Ages ago observers noticed twinkling of stars in the night sky. Twinkling stars have been a source of inspiration for many artists and astronomers. While artists have created beautiful paintings and poetry, astronomers have been inspired to understand the causes of the twinkling and how to eliminate it. In science, the technical term 'scintillation' is used for the twinkling of stars.
It took a long time to understand the true reason for twinkling of stars. First theories by Aristotle [1] and Ptolemy attributed twinkling of stars to a weakness of human vision. They assumed that seeing is related to some human flux going from the eye to the target. The farther the target, the stronger the scintillation, and, as a consequence, planets are twinkling less than stars. Leonardo da Vinci also believed that the reason for stellar scintillation belongs to the human eye and is an optical illusion [2] . In the late sixteenth century,
Atmospheric sources of scintillation
Scintillation is the result of interaction of a light wave with atmospheric air density irregularities. The atmosphere is a complicated fluid: it is stably stratified but nearly everywhere (and always) at the border of instability. It contains a broad range of scales and a broad range of physical phenomena, most of which are nonlinear. It is anisotropic, inhomogeneous and non-stationary. Small-scale air density irregularities, which cause the observed scintillations, are produced by turbulence, internal GWs and instabilities of different kinds.
In the stochastic description of turbulence, the atmosphere is described as a base state with superimposed fluctuations. The fluctuations are assumed to possess the nature of a stochastic field. The base state of the atmosphere is close to some steady state (this is common for 'natural' phenomena). The fluctuations mainly result from instabilities in this steady state or instabilities in the 'perturbations' of this steady state (such as GWs). Furthermore, the long-term action of the perturbations can affect the base state.
Atmospheric air density fluctuations define a random field of relative fluctuations of refractivity ν = (N − N )/ N (here N = n − 1 is refractivity, n is the refractive index, and angular brackets hereafter denote the statistical mean). For 'optical' wavelengths, 0.2 < λ < 20 µm, the mean refractivity is defined by N(h) = 77.6 × 10 −6 P(h)
where T(h) (K) and P(h) (hPa) are atmospheric temperature and pressure profiles, λ (nm) is the wavelength of light and the parameter Λ = 87 nm describes the optical dispersion of air. Equation (2.1) shows that refractivity is proportional to air density and depends weakly on the wavelength. The wavelength variations are mainly in the UV part of the spectrum: [ν(300 nm) − ν(400 nm)]/ν(300 nm) ≈ 3%, while [ν(1300 nm) − ν(1400 nm)]/ν(1300 nm) ≈ 0.046%. There also exist more accurate analogues of equation (2.1) [13, 14] . Assuming the base state of the atmosphere to be very close to hydrostatic equilibrium, the refractivity fluctuations can be considered proportional to temperature fluctuations: ν = −δT/ T . This implies that relative fluctuations of pressure are vanishing. In general, the field of refractivity fluctuations is described by random functions of three spatial coordinates (or the spatial vector r = (x, y, z), z being the vertical coordinate) and time. However, for application to scintillations, the turbulence can be considered as 'frozen', as it is observed by a sensor (Taylor's frozen-field approximation). This allows consideration of the random field depending on the spatial component only. The random refractivity field is assumed to be locally homogeneous, which is the spatial equivalent of a random process with stationary increments. Locally homogeneous fields are characterized usually by the structure function:
where r 1 and r 2 are two locations and r = r 1 − r 2 . The spectral representation of the structure function is [15] D(r) = 2 d 3 κ Φ(κ)(1 − cos(κr)), (2.3) where Φ(κ) is the spatial three-dimensional spectrum, and κ = {κ x , κ y , κ z } is the wavevector. If the field of refractivity fluctuations is assumed to be locally isotropic [15, 16] , Φ(κ) in this model can be written as
where C 2 n is the structure characteristic, and 2π/κ * and 2π/κ m are outer and inner scales, respectively. To account for the influence of the inner scale on the spectrum, one can multiply (2.4) by a function f (κ/κ m ), which is close to 1 for κ/κ m = 1 and approaches 0 for κ/κ m = 1. The spectrum (2.4) has a constant value on the spherical surface with radius equal to |κ|. The model (2.4) with μ = −11/3 corresponds to the Kolmogorov spectrum [15] with one-dimensional spatial spectrum of V(|κ|) and the structure function D(|r|) in the inertial sub-range κ * < |κ| < κ m : For the atmosphere, the inner scale 1/κ m is proportional to the Kolmogorov scale l K = ν 3/4 a ε −1/4 , where ε is the kinetic energy dissipation rate and ν a is the molecular kinematic viscosity for air. Numerous observations in the boundary layer of the atmosphere have shown an excellent agreement of the measurements with model (2.5) under the conditions of unstable or neutral temperature stratifications (e.g. [15, 17] and references therein; [18] ).
V(|κ|)
The model (2.4) assumes that all directions in the turbulent atmosphere are treated equally. This assumption is justified if the influence of the buoyancy forces on the formation of refractivity irregularities can be neglected. Under the conditions of stable temperature stratification with a low gradient of wind speed, for example, such an assumption cannot be valid. Local vertical becomes a distinguished direction. The simplest way to adjust the spectrum Φ n (κ) to the presence of a distinguished direction is to introduce the notion of the anisotropy coefficient η [16] . As a result, the three-dimensional spectrum and the structure function take the following forms:
, η ≥ 1.
Spectrum (2.6) is derived from (2.4) by a scaling operation. The aspect ratio of the ellipsoid D n (r) = const. equals η. The anisotropy coefficient η represents here the ratio of horizontal to vertical scales: in [19, 20] for interpretation of scintillation spectra caused by anisotropic irregularities of air density observed from satellites:
In (2.7), C W is the structure characteristic. The spectrum (2.7) but without the outer scale has been used in [21] for characterization of the anisotropic component of scintillation spectra observed from the AMON-RA experiment. The choice of the slope −5 is dictated by the condition for the one-dimensional vertical wavenumber spectrum to follow κ −3 z for κ 0 < κ < κ W . This corresponds to the model of saturated GWs [22] for the one-dimensional vertical spectrum of relative temperature fluctuations: 8) where ω BV is the local Brunt-Väisälä frequency, g the acceleration due to gravity and A is a numerical coefficient. For A = 0.1-0.3, equation (2.8) is consistent with the experimental data thoroughly reviewed in [23] . This power-law decay for the three-dimensional spectrum follows also from the theoretical model of an internal GW spectrum [19] . The parameter η in (2.7) is constant, i.e. it does not depend on the scale of irregularities.
A model for the spatial three-dimensional spectrum of temperature irregularities generated by internal GWs, which originate and propagate in a stably stratified atmosphere, was suggested in [24] . This is also a model with constant anisotropy, which gives the same power law for the corresponding one-dimensional vertical and horizontal wavenumber spectra.
However, systematic measurements [25] [26] [27] have shown that the horizontal spectra are close to a κ −5/3 y dependence over a large interval of wavenumbers. To account for different slopes of one-dimensional vertical and horizontal spectra, a model with variable anisotropy was proposed in [28] . This model develops the ideas discussed in [29, 30] . The ratio of the horizontal and vertical scales-that is, the anisotropy coefficient η-characterizes the shape of the irregularities. The anisotropy coefficient is larger than one, η ≥ 1, and increasing with the vertical scale of irregularities. In [28] , it is suggested that η depends only on the vertical scale of irregularities: η = η(κ z /κ w ), where 2π/κ w is some characteristic scale of transition towards isotropy. The authors have proposed a model of the three-dimensional spectrum of temperature irregularities [28] . The one-dimensional vertical spectrum corresponding to this model behaves as ∼ κ −3 z , while, if one assumes η ∼ (κ w /κ z ) 2 , the horizontal spectrum has the slope −5/3 over a wide range of wavenumbers, which agrees with observations. Although more accurate, the models with variable anisotropy have not yet been used for interpretations of scintillation measurements (see also the discussion in §5e).
Although there exist models of the three-dimensional spectrum of atmospheric irregularities that have been successfully used for interpretation of scintillation measurements, the smallscale structure of atmospheric irregularities is very complex and still incompletely described. Measurements of the atmospheric microstructure reveal a fairly large number of very strong (positive) temperature gradients (approx. 30-100 K km −1 ) within very thin layers (approx. 3-20 m). Such data are obtained with fast-response temperature sensors on balloons, radar echoes and scintillations of binary stars [31] [32] [33] [34] . The 'sheets' are observed at various altitudes, most of them being in the lower stratosphere. In situ measurements with sensors some distance apart show that the 'sheets' are neither flat nor horizontal. Mixing within these thin layers has been detected [33, 35] . Other relatively recent analyses apply multifractal models to describe the atmospheric structure [36, 37] . For a review of these analyses and the resulting space-time cascade model, which is based on strongly anisotropic and intermittent generalizations of the classical turbulence laws, see [38] . Spatial inhomogeneity and intermittency (the atmosphere is not everywhere and not always turbulent; when turbulent, the parameters change from region to region) introduce further complication into the description of atmospheric turbulence.
The theory of turbulence in stably stratified media is still under development and is the subject of active discussions. Intensive work is being done towards the development of new turbulence closure theory [39] [40] [41] and the quasinormal scale elimination model [42] [43] [44] . 
Theory of scintillation
The general theory of scintillation for ground-based and spacecraft observations was developed by Tatarskii [15] and Ishimaru [16] . Stars can be considered as point sources of light, and wavefronts can be assumed to be a plane at the entrance of the atmosphere. Atmospheric irregularities have a random structure, producing random effects on stellar light that passes through the atmosphere. These require a statistical description, by either autocorrelation functions, spatial wavenumber spectra or structure functions. These descriptions are integral transforms of one another, thus being equivalent in some sense. Theoretical approaches relate the characteristics of a model of the turbulent medium and the observed scintillations. They have been developed for both wave-optical treatment and geometrical-optics approximation, using the power spectrum of refractive-index fluctuations or corresponding structure functions. A number of monographs exist on wave propagation in random media: classical ones by Tatarskii [15, 45] , as well as [16, [46] [47] [48] . A general theory of scintillation observed from space is developed in [16, [49] [50] [51] [52] . The phenomena associated with star scintillation as observed from the ground was reviewed by Dravins et al. in three papers [53] [54] [55] .
As was mentioned above, the frozen-field hypothesis is used for describing scintillation phenomena. Within the Rytov smooth perturbation approximation [47] , there is a fairly simple connection between the (three-dimensional) spectrum of refractive index fluctuations and the two-dimensional scintillation spectrum in the observation plane. So far, these relations have been used to retrieve the parameters of the spatial spectrum of refractive index fluctuations from satellite and in situ scintillation measurements [19] [20] [21] [56] [57] [58] . The Rytov method is valid when the monochromatic scintillation variance σ 2 I = (I − I ) 2 / I 2 is small, σ 2 I 1 (weak fluctuations). For more general conditions (strong scintillations), the moment equations are so difficult that they are solved only for some special cases and approximations. A variety of techniques have been proposed such as the parabolic equation method [16, 59] , extended Huygens-Fresnel principle [16, 60] , multiple phase screen [61] , the path integral [62, 63] and numerical techniques [64, 65] . Among these, the parabolic equation method with the Markov approximation [59, 66] occupies an important place.
The theory of strong scintillations applied to the stellar occultation measurements has been further developed by Gurvich et al. [67] . That paper considers the problem of remote sensing of stratospheric irregularities under strong scintillation conditions. The authors have analysed calculated scintillation spectra and have concluded that the parameters of the three-dimensional spectra of stratospheric irregularities can be retrieved under the conditions of relatively strong scintillation (characterized by scintillation variance computed with weak fluctuation assumption below 1.5-1.6).
Since the scintillation theory is based on the theory of wave propagation in random media, several studies have been dedicated to checking its validity. In particular, the probability density function of scintillations has been examined. Weak perturbation theory predicts starlight to be lognormally distributed, as the refractive-index fluctuations, which can be considered as a large number of independent events, modulate the intensity in a multiplicative manner. For small and moderate scintillation amplitudes, the experimental distributions follow the lognormal law, but for greater ones, departures occur, as expected [21, 53, 68] .
The scintillation method, as a tool for studying atmospheric turbulence, has specific features and limitations. First, scintillation measurements are not direct: in order to get information about small-scale processes, a functional relationship between the equivalent parameters of atmospheric irregularities and parameters of observed scintillation or solution of the inverse problem is needed. Conceptually, the problem is simpler in two dimensions, but observations are mostly onedimensional. The amount of all currently available scintillation measurements is not sufficient for reconstructing the structure of air density via solving the tomography problem (as described, for example, in [69] ). Instead, spectral properties of atmospheric irregularities are assumed, so that a relationship between the structure of air density irregularities and the parameters of the observed scintillations can be found. Second, depending on the measurements, scintillations are insensitive to some parameters of the atmospheric spectral model. This is discussed in more detail in sections dedicated to particular types of measurements. Third, the parameters of the spectral model (C 2 n , for instance) estimated from scintillation measurements represent 'effective' parameters averaged along a ray with the weight function determining the effective region of interaction between the light wave and the turbulent atmosphere. Fourth, the smallest scale observable from scintillation is the diffractive Fresnel scale, Fr = √ λL/2π, where L is the distance from the observer to the point representing the interaction region of the light wave and the turbulent atmosphere.
For recording scintillations, important are star magnitude and the size of the telescope (in order to get sufficient signal-to-noise ratio), the sampling rate of the detector (in order to get sufficient resolution) and the chromatic width of the optical filter (chromatic refraction in the atmosphere leads to changes in the bandwidth scintillation spectrum, particularly, to attenuation of variance).
The specifics of data, processing and retrieved parameters depend on the geometry of line of sight. In the following, we review the data processing and the results from ground-based, satellite and air-borne measurements of stellar scintillation.
Ground-based measurements of stellar scintillation (a) Introductory notes
Quantitatively, scintillation observed on the ground can be explained as follows. Let us imagine one optical turbulent layer moving at altitude h above the ground, as sketched in figure 1. After passing through the turbulent layer, the wavefront, which was initially a plane, becomes distorted. Light rays propagate perpendicularly to the wavefront towards the ground, converging in some places and diverging in others, giving rise to bright and dark speckles. It is important to recall that scintillation is related to light intensity fluctuations and not to phase or complex amplitude. In figure 1 , if one puts one's eye, or a photoelectric receiver, just after the turbulent layer, one will see the star wandering, if the eye pupil is less than the spatial coherence of the wavefront. The receiver will not yet notice any intensity variation, because light rays do not have enough propagation space after crossing the turbulent layer. At ground level, after propagation over a distance h, light beams converge and diverge to produce speckle patterns, known as 'shadow band patterns'. This is well described in [45, 70] in the framework of Fresnel diffraction.
For ground observations, where the line of sight is nearly vertical, the strongly anisotropic fluctuations (generated mostly by GWs) can be completely ignored. The reason for the elimination of the anisotropic component is that scintillation results from refractivity gradients perpendicular to the line of sight. Because of the rather large horizontal scales of the GW component (many kilometres) and of its very large anisotropy, the corresponding gradients can be ignored completely; thus turbulence can be regarded as isotropic (or nearly so). Furthermore, because of the strong anisotropy, this approximation is valid up to large angles from the vertical (as large as approx. 75 • ), thus covering all the astronomical applications. In analyses of ground-based stellar scintillation measurements, the Kolmogorov spectrum is assumed.
(b) Multi-dimensional scintillation analysis
Since the 1960s, most scintillation studies have been performed on one-dimensional temporal signals I(t), which reflect all the perturbations from the whole atmosphere. Even if one makes the stationary assumption along with the frozen turbulence hypothesis, there is no way to retrieve detailed vertical profiles of turbulence from the temporal autocorrelation of the scintillation observed at the ground. This is because of the fact that the atmosphere is never moving as a whole with a constant velocity. Hence, the ground intensity is the superposition of many scintillation patterns from turbulent layers moving at various velocities in different directions. A few attempts have been made to obtain spatial power spectra using different spatial filtering in the pupil plane [71] [72] [73] . Measurements by Protheroe [72] agreed well with a layer propagating at an altitude of approximately 10 km. Owing to the above-mentioned superposition of many layers, neither the fine structure of the atmosphere nor any information about the ground layer is attainable.
The idea of using a 'multi-dimensional analysis' of the scintillation in order to obtain information about the layered structure of the atmosphere has been proposed in [31, 74, 75] . In this approach, the scintillation intensity I is considered as a multi-dimensional function of time, wavelength λ, position of the observer r(x, y) and angular position of the star (α, β):
By finding the cross-correlation function of scintillation with respect to several of these variables, it is possible to retrieve the turbulence parameters corresponding to different layers with different C 2 n and different velocities v. For example, the spatio-wavelength analysis allows optical turbulence profiles to be retrieved ( §4b(i)). The spatio-angular technique, first developed by Rocca et al. [74] and then by Vernin & Roddier [75] , has opened the era of the Scidar (scintillation and ranging, by analogy with radar) technique, which has become a standard tool for remote sensing of the Earth's atmosphere. This method is discussed in §4b(ii). The 'generalized Scidar' technique ( §4b(iii)) allows the optical turbulence also at the ground level to be detected. The spatio-temporal technique constitutes the basis for data analyses using the so-called single star Scidar (SSS); this is discussed more in §4b(iv).
(i) Spatio-wavelength analysis: the differential refraction
The spatio-wavelength analysis can be applied for bright stars close to the horizon, as was demonstrated by Caccia et al. [76] . When stars are approaching the horizon, scintillation becomes chromatic. This phenomenon is related to the refractive index dependence on wavelength, thus resulting in different bending. A cut of the cross-correlation of the scintillation pattern at λ 1 and
, assuming that the y-axis is perpendicular to the horizon, allows us to retrieve vertical profiles of optical turbulence. Since this experiment works only with very bright stars (Sirius) close to the horizon, the method was abandoned.
(ii) Spatio-angular analysis: the Scidar
The Scidar principle (figure 2a) was first proposed by Rocca et al. [77] . Two stars separated by an angle θ cast onto the ground two identical speckle patterns (or scintillation), but displaced from one another by a distance d = θ h, h being the altitude of the layer. measured by computing the autocorrelation function of the scintillation patterns, which peaks at d. The intensity of the peak is related to the refractive index structure characteristic C 2 n (h). Each turbulent layer produces a bump in the measured autocorrelation function (since the width of the autocorrelation function is proportional to the Fresnel scale, the higher the layer, the wider the bump).
For a continuous distribution of turbulent layers, the relationship between the measured autocorrelation function of the scintillation produced by a double star C * * (r) and the
where C * (r, h) is the autocorrelation function of the scintillation produced by a single star and a layer at altitude h, and a and b are related to the magnitude difference m between each component of the double star: [78] first mentioned the use of the maximum entropy method to invert this relationship and retrieve the C 2 n profile.
(iii) The generalized Scidar
The Scidar experiment was tested in many observatories and validated with comprehensive comparisons with other techniques such as a Differential Image Motion Monitor (DIMM) and instrumented balloons measuring the optical turbulence [79] . In its classical version, the Scidar is still insensitive to low-layer turbulence, which can largely affect the astronomical seeing (or image degradation) within a 50-80% proportion. Fuchs et al. [80] first proposed analysing the scintillation in a virtual plane, below the pupil plane by a distance h gs , as sketched in figure 2a. This plane disposition allows a layer at ground altitude to have enough Fresnel propagation to give scintillation, because h gs = 0. Using a laboratory demonstrator, these authors have shown that the variance of the scintillation was positive when a phase screen (turbulent layer) was close to the pupil plane, goes to zero 
where H = h − h gs and h gs is the virtual altitude in the generalized Scidar mode. This altitude, which increases the Fresnel propagation distance, needs to be larger than zero but sufficiently low in order to avoid a saturation effect of the scintillation variance.
The generalized Scidar became a standard instrument for remote sensing of the atmosphere for astronomical purposes as well as for atmospheric studies. There still remains a strong restriction on the size of the entrance pupil of the telescope, D telescope , which needs to be larger than θh max , h max being the maximum altitude that one wants to sample. Generally, for available bright double stars with a small difference in magnitude m, one needs a 1.5 m telescope, which limits the use of the Scidar to existing observatories already equipped with large telescopes.
(iv) Spatio-temporal analysis: the single star Scidar
The spatio-temporal analysis, i.e. the analyses of the auto-and cross-correlation of time evolution of scintillation,
has found its application in the so-called SSS technique [74, [81] [82] [83] [84] . Figure 2b shows the SSS principle for a single turbulent layer. In the real atmosphere, many layers are moving at different velocities v i leading to many cross-correlation peaks situated at d i = v i τ . One might think that a simple cross-correlation function Γ * (x, y, τ ) should be sufficient to retrieve C 2 n (h)δh and v(h) related to each turbulent layer: the position of the bump giving the velocity, its amplitude giving C 2 n (h)δh and the size of the bump giving the altitude of the layer through its proportionality to the Fresnel scale. However, Caccia & Vernin [84] have demonstrated that the latter assumption is not true, because the dispersion of the wind velocity σ v enlarges the size of the cross-correlation peak. This can be described as a convolution of the natural correlation by a Gaussian function whose width is proportional to the time lag τ . Since the decorrelation due to velocity dispersion does not have the same effect on the enlargement of the autocorrelation as that due to altitude ( √ λh), the inversion is possible only if the cross-correlation is measured at various lags. The inversion is an ill-posed problem, which can be solved, for example, with the simulated annealing technique [85] .
The SSS concept was validated in several places before being sent to Dome C on the high Antarctic plateau, where routine observations have been performed during 2006 and 2007 polar nights. The instrument is made of a portable 40 cm telescope, an optical bench with a stop field and a 10 mm collimating lens and a fast readout charge-coupled device (CCD) camera. Under clear sky conditions, vertical profiles of C 2 n (h), velocity components v x (h) and v y (h), and the wind velocity dispersion σ v (h) are obtained every 11 s, during hours of continuous observations, tracking numbers of bright stars. SSS is a reliable, transportable instrument based on sound theory, carefully tested, allowing calibrated C 2 n and wind velocity profiles from the ground up to 25 km.
(c) Contribution to atmospheric knowledge
The use of multi-dimensional analysis of scintillation led to the Scidar class of instruments, allowing the simultaneous determination of vertical profiles of optical turbulence, wind velocity and wind dispersion. These parameters can be obtained under night clear air propagation, with a short time resolution of about 10 s and a vertical resolution of about 300 m, from the ground level up to 25-30 km.
Evidence of the multi-layered structure of the atmosphere was demonstrated during the early 1970s thanks to the multi-dimensional approach, confirming balloon measurements [31] . This is 
The Scidar technique is well suited to follow the temporal evolution of the wind speed within each turbulent layer, with a time resolution of approximately 10 s. The wind dispersion estimations can also be interpreted in terms of the horizontal wind velocity spectrum in the buoyancy range, as shown in [84] . The authors believe that the use of a faster correlator will enable us to experimentally sample the buoyancy range for length scales ranging from 100 m to several tens of thousands of metres.
Coulman et al. [86] have estimated the outer scale of turbulence using C 2 n from Scidar and the gradient of the mean temperature estimated using balloon measurements and found its values to be in the range from 0.5 to 5 m.
Scidar data have also been used in GW studies for characterization of associated turbulence [87] [88] [89] .
Satellite stellar scintillation measurements (a) Introductory notes
Stellar scintillation from space through the Earth's atmosphere is observed in limb-viewing geometry (figure 3a). These observations have special characteristics: first, an observer is located far beyond the atmosphere, and second, the influence of the denser atmospheric layers below the perigee point of the line of sight is eliminated naturally. This distance leads to a substantial enhancement of scintillation during the free-space propagation. As a result, the observed fluctuations of the light flux have relatively large amplitudes even in the case of very weak perturbations of the air density (an example of scintillation records is shown in figure 3b ). The second feature is also favourable for studying air density variations at high altitudes that are not exploitable from the Earth's ground because of the masking effect of the dense and turbulent boundary layer.
Measurements conducted from space through the Earth's atmosphere bear a certain similarity to ground-based astronomical observations of scintillation of the stars during their occultation by planets [90] [91] [92] [93] . However, the large distance between the observer on the Earth and the planet results in a limited spatial resolution, which is of the order of the corresponding Fresnel scale. Even for the planets nearest to the Earth, the spatial resolution is no better than a few hundreds of metres. In observing stars from a low orbiting satellite through the Earth's atmosphere, the Fresnel scale is tens of centimetres.
(b) Overview of the satellite stellar scintillation measurements of the Earth's atmosphere First visual observations of stars and planets through the Earth's atmosphere were reported by Russian cosmonauts on board the Salyut-6 space station. If these scintillations were generated by locally isotropic turbulence with the Kolmogorov spectrum, they should have typical frequencies of a few kilohertz. These scintillations would be impossible to observe with the human eye having a threshold of approximately 10 Hz. The cosmonauts G. Grechko and Yu. Romanenko carried out a set of visual observations of scintillations, where they identified altitudes of noticeable and strong scintillations. Comparison with the scintillation of planets (extended light sources) has shown a significant difference in the altitudes for the observed scintillations. Grechko et al. [94] hypothesized that scintillation visually observed from space represents anisotropic 'pancakes' [95] , which results from the instability of internal GWs.
The first satellite measurements of stellar scintillations were performed with the humancontrolled EFO-1 photometer on board the Salyut-7 station [96] . The sampling frequency of this photometer was 100 Hz. The analyses of the EFO-1 data have shown that air density irregularities in the stratosphere, between 25 and 35 km, are stretched along the Earth's surface [97] . The anisotropy coefficient was estimated to be over 25 for vertical scales in the range of 0.1-1 km. It was found that scintillation spectra have a characteristic vertical scale of about 40-60 m with a rapid decay at smaller scales. Some observations at altitudes of 40-50 km [98] did not reveal this scale. The vertical spectra of temperature fluctuations obtained from scintillation records were in agreement with those derived from direct measurements in the stratosphere for the scales from 50 m to 1 km [99] . For smaller scales, a considerable discrepancy was reported. This was explained by significant changes in the statistical properties of irregularities below some transition scale (approx. 50 m) and by insufficient sampling frequency of EFO-1 and chromatic dispersion in the atmosphere, which prevented reliable studies for these small scales. The main results of 10 years of EFO-1 measurements are summarized in [100] .
Great progress in studies of air density irregularities using satellite observations of stellar scintillation has been achieved with the EFO-2 photometer operated on board the Russian MIR station in 1996-1999. The human-controlled EFO-2 photometer has a central wavelength of 485 nm and a set of optical filters with various chromatic widths. The sampling frequency was also variable, up to 16 kHz [101] . Despite the limited amount of occultations performed (about 100 within the latitudinal band ±60 • ), these scintillation data have allowed the understanding and analysis of statistical and spectral properties of scintillations [68, 101] and have validated the scintillation theory developed in [52] . Furthermore, a new approach that allows the solution of the problem of the reconstruction of the three-dimensional spectrum of air density irregularities using one-dimensional scintillation auto-spectra was proposed by Gurvich & Kan [56] . In this approach, the spectrum of the air density irregularities is parametrized, the theoretical relations that connect the three-dimensional spectrum of air density irregularities and the one-dimensional scintillation spectrum at the observation point are deduced, and the parameters of the spectral model are retrieved via fitting experimental scintillation spectra. This method is discussed more in §5c and the results of the application of this method to the scintillation measurements by EFO-2 are discussed in §5d.
Scintillation data with global coverage became available with the launch of the Global Ozone Monitoring by Occultation of Stars (GOMOS) instrument on board the Envisat satellite [102] [103] [104] . GOMOS is equipped with two fast photometers, which record the stellar flux synchronously in the blue (473-527 nm, λ B ≈ 500 nm) and red (646-698 nm, λ R ≈ 672 nm) wavelength ranges with a sampling frequency of 1 kHz in the limb-viewing geometry. The algorithm for the reconstruction of GW and turbulence spectra parameters has been developed further [20] , adapted to the GOMOS measurements and applied to a large GOMOS dataset [58, 105, 106] . Several studies have been dedicated to bichromatic scintillations [107] [108] [109] and double star occultations [110] . These issues are discussed more below.
(c) Approaches to data analyses
The method that allows information to be obtained about the parameters of the three-dimensional spectrum of air density irregularities using one-dimensional scintillation spectra was first proposed by Gurvich & Kan [56] and then developed further by Gurvich & Chunchuzov [19] and Sofieva et al. [20] . In this approach, the spectrum of the air density irregularities is parametrized and the parameters of the spectral model are retrieved via fitting experimental scintillation spectra. Large satellite velocity ensures the validity of the frozen-field approximation. The spectrum Φ ν of refractivity fluctuations is represented as a sum of two statistically independent components, i.e. anisotropic, Φ W , and isotropic, Φ K :
For parametrization of the anisotropic component Φ W , which corresponds to anisotropic irregularities generated by a random ensemble of internal GWs, the spectrum (2.7) has been used in [19, 20] . In [56] , the analogue of (2.7) but without an outer scale was used. For parametrization of Φ K , which corresponds to isotropic irregularities generated by turbulence appearing as a result of GW breaking and/or different instabilities of atmospheric motions, the Oboukhov-Corrsin model of locally isotropic turbulence [111] has been used:
where C 2 n is the structure characteristic of isotropic fluctuations (related with the structure characteristic of temperature fluctuations as C 2 T = T 2 C 2 n ) and κ m is the inner scale of isotropic irregularities. The structure characteristic C 2 n is proportional to ε ν /ε 1/3 , where ε ν is the rate of dissipation of refractivity fluctuations and ε is the kinetic energy dissipation rate.
Theoretical relations that allow the calculation of a one-dimensional spectrum of relative fluctuations of intensity at the observation plane from the given spectrum of air density irregularities (the forward model) have been developed in [52, 56] in the phase screen approximation under the weak scintillation assumption. In the framework of the phase screen approximation, the effect of the extended atmosphere on the light wave passing through it is replaced by that of a virtual thin phase screen. It is assumed that this screen produces the same phase modulation on the propagated waves as the extended atmosphere [16] .
The spectral model of refractivity irregularities has altogether six parameters: for the anisotropic component, they are the structure characteristic C W , the anisotropy coefficient η, the inner scale l W and the outer scale L 0 ; for the isotropic component, they are the structure characteristic C 2 n and the Kolmogorov scale l K . However, not all of them can be retrieved from scintillation spectra. Numerical simulations [52] have shown that the anisotropy coefficient cannot be estimated from scintillation spectra, except for very oblique occultations. The Kolmogorov scale can be retrieved from scintillation measurements only with sufficient (greater than 10 kHz) sampling frequency of the photometer, and only if it is larger than the Fresnel scale. This was possible with the MIR photometer having the maximal sampling frequency of 16 kHz (the vertical resolution is a few decimetres), but impossible with the GOMOS sampling frequency of 1 kHz photometer (the vertical resolution is about 1 m). Thus, it was possible to retrieve five parameters of refractivity spectra from MIR scintillations, and four parameters from the GOMOS measurements. Typical values for the non-retrieved parameters, i.e. the anisotropy coefficient η = 30 and the mean value l K = 0.25 m for the Kolmogorov scale [57] , have been used in retrievals [20] . The detailed description of the algorithm for reconstruction of GW and turbulence spectra parameters is presented in [20] . The inversion procedure is based on a nonlinear fitting of the experimental scintillation spectra by the modelled ones. An example of the experimental scintillation spectrum and the retrieval results is shown in figure 3c . The developed algorithm is rather fast, and thus it is suitable for processing of vast amounts of satellite data.
The turbulent structure characteristic C 2 n (or C 2 T ) can be reconstructed from scintillation data without solving the inverse problem described above, as the scintillation variance corresponding to the isotropic component σ 2 I,iso is proportional to C 2 n . The value of σ 2 I,iso can be estimated using the simplified spectral analysis, as described in [58, 105] . This technique uses the fact that scintillation spectra at scales from l W to the scale corresponding to the Nyquist frequency are defined mainly by the turbulent component and they are nearly flat.
When chromatic scintillation measurements are available, additional information can be obtained using the cross-spectra and coherence spectra. Details of these analyses and their application to GOMOS data are discussed in [108, 109] .
(d) Geophysical results
The scintillation measurements with the EFO-2 photometer on board the MIR station have provided estimates of GW and turbulence spectra parameters for altitudes of 25-70 km [57] for the first time, as these altitudes are very difficult to explore with other methods having comparable vertical resolution. Typical values of the parameters and their altitude dependence have been obtained. It was found that the Kolmogorov scale l K increases monotonically with height from a few decimetres at altitudes of 27-30 km to 1-1.5 m at 63-67 km. The inner scale of the anisotropic component l W (proportional to the buoyancy scale) increases more rapidly from 1-2 m at altitudes of 27-30 km to 10-30 m at 45-53 km. Between the scales l K and l W , there is a scale range whose width increases with height. The retrieved estimates of the structure characteristic of the anisotropic component C W for altitudes of 27-53 km are found to be in good agreement with predictions based on the assumption that the regime of saturated internal GWs exists within this altitude range [22, 112] . The estimates of the turbulent structure characteristic C 2 T increase almost exponentially with height from (2-10) × 10 −5 K 2 m −2/3 at 27-30 km to (0.5-2) × 10 −2 K 2 m −2/3 at 65-67 km. For altitudes of 60-67 km, these estimates are in agreement with in situ measurements [113] .
The retrieved Kolmogorov scales allow for the estimation of the rate of kinetic energy dissipation ε to heat. For the heights 60-67 km, the obtained values ε = (1-5) × 10 −3 m 2 s −3 agree with the results of in situ measurements [113] . As altitude decreases, the dissipation rate decreases monotonically to (0.5-10) × 10 −7 m 2 s −3 at 27-30 km. The simultaneous measurements of ε and C 2 T have allowed for the estimation of the dissipation rate of air density irregularities through molecular diffusion. The calculated height dependence of the Bolgiano-Oboukhov scale [111] has shown that the assumption (used in the model) of local isotropy of small-scale irregularities is certainly justified above 35 km.
The MIR scintillation data have also allowed for the retrievals of the outer scale of the anisotropic component [19] and for the detection of quasi-periodic disturbances in atmospheric air density and temperature [114] .
Observations of stellar scintillations by GOMOS have confirmed the estimates of GW and turbulence spectra parameters obtained from MIR. Furthermore, the global coverage of GOMOS measurements has allowed for the study of spatio-temporal distributions of these parameters, including the polar regions. Already, first analyses have shown surprising results. Strong increases in scintillation variance and C 2 T at high latitudes in winter were observed [58, 105] . It was shown that the maximum of these enhancements can be associated with the polar night jet. The simplified spectral analysis has shown the transition of scintillation variance towards small scales with altitude, which is probably related with turbulence appearing as a result of wave breaking. The breaking of GWs in the polar night jet seems to start in the upper stratosphere. This previously predicted feature [115, 116] was confirmed by the GOMOS observations for the first time. T displays a more complicated structure. GW spectra parameters at altitudes of 30-50 km observed in 2003 are discussed in detail in [106] , where their global distributions are presented. The use of outer scale estimations has enabled the estimation of an important GW parameter, the potential energy E P per unit mass [106] . Enhancements of E P in equatorial regions are clearly observed, analogous to those found in global analysis of radio-occultation data. They are caused by large values of GW outer scale at these locations. Enhanced E P is observed also in the Southern Hemisphere winter at high latitudes, but there is no symmetric E P enhancement in the Northern Hemisphere winter at high latitudes. Sofieva et al. [106] suggested that it is probably caused by the fact that occultations at Northern Hemisphere winter high latitudes were carried out in January and in December 2003, when sudden stratospheric warmings (SSW) lasted a significant part of the observational period. It coincides with previous lidar observations [117] , which have shown reduced GW activity during SSW.
(e) Perspectives and discussion
Related to GOMOS measurements, future multi-year analysis of GOMOS scintillation measurements will refine the observations and will provide information about spatial and inter-annual variability of GW and turbulence spectra parameters in the stratosphere. So far, the retrievals have been performed in the altitude range 30-50 km. The upper altitude for parameter reconstruction is limited by the scintillation strength: usually the scintillations significantly exceed instrumental noise below 50 km in occultations of stars that are brighter than visual magnitude 1.6 for GOMOS. Sometimes, the amplitude of scintillation is large enough also at altitudes greater than 50 km. In such cases, the retrievals of the parameters of the spectral model can be performed at higher altitudes, up to 70 km. The lower limit is dictated by the weak scintillation assumption used in the forward model. The analysis [67] has shown that the parameters of the three-dimensional spectra of stratospheric irregularities can be retrieved under conditions of relatively strong scintillation. However, computing the scintillation spectra for strong scintillation requires rather heavy numerical calculations, which are hardly compatible with an iterative nonlinear fitting procedure, for application to the vast amount of satellite data.
Since the satellite measurements are indirect, information about the structure of air density irregularities is feasible only with the assumption on their spatial spectra. The choice of the spectral model used in the analyses of MIR and GOMOS data was dictated by the requirement to contain all the important physical parameters controlling the scintillation spectra, on the one hand, and the simplicity of computing the scintillation spectra, on the other. Although the threedimensional spectral model of atmospheric irregularities is more complicated (a newly developed spectrum with the variable anisotropy [28] is definitely more realistic), its application for the interpretation of scintillation measurements is not straightforward and requires first a feasibility and sensitivity study.
Other extensions of GOMOS data analyses can include studying chromatic scintillations as demonstrated in [109] and quasi-periodic disturbances in the atmospheric density and temperature fields, which appear rather often as large peaks on the background of the smooth scintillation spectrum [20, 114] .
In the GOMOS dataset, there are a few quasi-horizontal occultations, which can potentially provide estimates for the anisotropy coefficient, as discussed in [108] . Other 'specific' GOMOS observations are scintillations of double stars. As was shown in [110] , the scintillation spectra of double stars unresolved by the detector, which have close magnitudes, are more complicated (they are modulated), but, at the same time, they are more informative; thus they can provide potentially additional information about parameters of the atmospheric fine structure.
Air-borne measurements of stellar scintillation
The scintillation of stars observed through the Earth's atmosphere was also reported from balloon-borne investigation of the nocturnal vertical distribution of stratospheric minor constituents [118] . Compared with satellite observations of stellar scintillation, the geometry (and the physics) is very similar, but the relative velocity of the line of sight with respect to the atmosphere is of the order of 10 m s −1 or less while it exceeds 1 km s −1 for the satellite observations. Consequently, the small-scale fluctuations are much easier to observe and characterize from a balloon-borne instrument. The altitude range where scintillation can be analysed is practically contiguous-or slightly overlapping-thus allowing the observation of the whole stratosphere. While the analysis of satellite measurements is currently limited to altitudes above 30 km by the strong scintillation, the balloon-borne observations are limited upwards by their maximal float altitude, around 30-40 km. In the case of satellite measurements, the distance between the observing instrument and the dominant refractivity fluctuations is large (approx. 3200 km for GOMOS) and does not change significantly with the altitude of the ray perigee. For balloon-borne observations, this distance increases from zero up to 400-500 km when the tangent point decreases from the float altitude down to the troposphere. The grey scale ranges from 0 (white) to 10 (black), thus dark pixels correspond to larger intensity. The series of relative intensity is shown on the right-hand axis for channel 8 (575-600 nm). Adapted from [119] .
During the preparation of the GOMOS instrument, a balloon-borne experiment especially dedicated to the multi-spectral recording of scintillation, AMON-RA, was performed in February 1999 and analysed [119] . The results of this balloon experiment allowed for the validation of the hypothesis and parameters underlying the scintillation correction used during the GOMOS data processing. The fact that the characteristic scintillation frequencies recorded from a balloonborne gondola are much smaller than from a satellite allowed the scintillation to be recorded simultaneously with 10 Hz sampling frequency and within 14 spectral channels covering the full visible range (see figure 5 , adapted from [119] ). The observed intensity peaks-light focusingproduced by small-scale refractivity fluctuations are observed at all wavelengths, but with slightly different arrival times because of the refractive dispersion. Since the refraction angle is nearly proportional to the refractivity, the shape of these peaks reproduces the wavelength dependence of standard air refractivity [120] .
The experiment AMON-RA was flown again in March 2003 during an Envisat (and thus GOMOS) validation campaign [21] . The duration of continuous recording was extended from 60 to 600 s, thus allowing easier and deeper statistical and spectral analysis of the scintillation time series. In order to retrieve the spectral parameters of the small-scale atmospheric dynamics, an analytical formulation of the two-dimensional scintillation spectra was developed. This spectral model is fully compatible with the model used for the analysis of the GOMOS scintillation (see §6) except that the layered structure of the atmosphere is explicitly taken into account, with values of the local parameters variable with the altitude. This analytic model can also handle the case where the light source is at a finite distance (including within the atmosphere) from the observing instrument. This analytic model needs to be numerically integrated in order to be compared with experimental data. The statistical distribution of recorded intensities follows closely the lognormal model when the scintillation is weak, as expected. Progressive divergence appears when the scintillation becomes moderate, while strong scintillation seems to follow a decreasing exponential law. The intensity distribution is independent of wavelength for the weak scintillation regime. The time spectra of the recorded scintillation are in agreement with the analytic model, and the position of the cut-off allows one to estimate the characteristic inner scale of the anisotropic fluctuations 10-20 m, in general agreement with values deduced (at higher altitudes) from satellite measurements. Finally, the normalized intensity variance closely follows the values predicted by the model, except for the strong scintillation case, where the model is known to be inaccurate and where the chromatic refraction smoothing should be taken into account.
The description and analysis of the scintillation recorded from a stratospheric balloon is qualitatively comparable to the case of the satellite measurements. However, some parameters describing the geometry or characteristic velocities of these measurements are significantly different, thus allowing exploration of different ranges for altitudes or model parameters. As usual, when comparing local measurements with satellite ones, the global coverage and longperiod monitoring capabilities of satellite observations are unique characteristics that also apply to scintillation measurements. One of the potential applications of such experiments might be using them for validation purposes.
Summary and discussion
The scintillations observed through the Earth's atmosphere result from interaction of light waves and the turbulent atmosphere, thus carrying important information about small-scale processes in the atmosphere. The scintillation can be observed in different viewing geometries, when the line of sight is nearly vertical (ground-based astronomical observations) or nearly horizontal (occultation geometry). Since the scintillation measurements belong to remote sensing measurements, inverse problems are required in order to get information about atmospheric turbulence. The data analyses rely on using spectral models of air density (hence, refractivity) fluctuation, the theory of wave propagation in random media and the inverse problem in order to retrieve some parameters of the spectral model.
There are several limitations and specific features inherent in the scintillation method. For interpretation of scintillations, a spectral model of air density irregularities should be assumed. This model need not necessarily be a comprehensive model of atmospheric dynamics. For good agreement with observed scintillations, it is sufficient to use a model with important (and meaningful) parameters. This model can even be partly or completely empirical. The analyses of the scintillation data provide the values (and variability) of the parameters in different atmospheric conditions. These values may be used in order to evaluate models of atmospheric dynamics and validate different hypotheses.
An important limitation of scintillations as an investigation tool for atmospheric dynamics is that they are insensitive to some parameters of the spectral model (e.g. ground-based scintillation measurements are insensitive to anisotropic irregularities; in the case of satellite stellar occultation measurements, the change of anisotropy is not important for scintillation if the anisotropy is large).
When comparing the parameters retrieved from scintillations with other kinds of measurements, it is important to take into account that the scintillations provide 'effective' parameters, which are averaged along a ray, with the weight function determining the effective region of interaction between the light wave and the turbulent atmosphere.
Stellar scintillation measurements in occultation geometry are characterized by a good spatial resolution, which is limited by the Fresnel scale or by the scale corresponding to the sampling rate of the detector. This also imposes a limitation: information at scales smaller than the Fresnel scale becomes unavailable even with a sufficient sampling rate of the detector.
Nowadays, scintillations have provided useful information about turbulence in the atmosphere from the ground to the mesosphere. The Scidar technique has become a standard experiment for remote sensing of the Earth's atmosphere. Satellite observations of stellar scintillation provide information about the structure of air density irregularities in the altitude range of 25-50 km, where other measurements at such small scales are very scarce. The important strength of scintillations in occultation geometry is that the wavenumber range of the transition of the GW spectrum to turbulence is covered. This opens up the possibility for monitoring GW breaking in the stratosphere. The scintillation is affected by small vertical scale GW (with vertical scales from a few metres to a few kilometres), which are of high importance for parametrization of GW effects in global circulation and climate models. Perhaps the most valuable application of the turbulence parameters retrieved from scintillation measurements is using them to optimize the turbulence schemes in atmospheric models. This becomes increasingly important due to their tendency to higher altitudes and smaller scales.
